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FREQUENCY OF OCCURRENCE OF CRITICAT GUST LOADS
ON OVERLOADED AIRPLANES
By Thomes D, Relsert

SUMMARY

Statistical gust-frequency data taeken by the National
Advisory Committee for Aeronautics were used to determine
the effect of overloading an alrplane on the frequency of
oecurrence of gust loeds that stress the airplane to or
above lts deslgn applied bending inoment. The enelysis was
made for three transport-type airplanes operating at
crulsing power with overloads verylng from 0 to 50 percent
of the design gross welight. The results are presented in
the form of curves of criticsal gust-load fregquency as &
function of overload with design gust velocity and wing- '
wolght ratlio as parsmeters.

The oprobablllity of structural fseilure was found to
increase ravildly with overload. The effect on the critical
gust-load frequency of the distributlon of overload welght
was of equal or gresater importance than the effect of the
amount of overlosd. For different airplenes the change in
critical gust-load frequency for the same overload
condition was concludad te be due to the variation in the
ratlo of deslgn wing welght to design gross weight and to
the varistion in mean wing chord.

INTRODUCTION

Overloading airplanes to Increase the pay load or
range has been a common practice during the war. This
overloading increases the stresses in the structure at
unit load factor and requires more care in operations
than normel loeding.

The total applied load for which en eirplane structure
1s designed 1s composed of a steady load, or 1ift, equal
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to the weight of the airpleane end a load increment appliedby
en atmospheric gust or by movement of the control surfaces
by the pllot. When the gross weight 1s increased, the
ellowable increment of load 18 obvliously decreased. A

gust of smaller intenslty than that designed for will
therefore result In limlt load end, since the smaller

gusts tend to occur more frequently than the larger gusts,

. the chances of failure increase.

In order to determine the effect of overload on the
frequency of occurrence of stresses equal to or In excess
of the design yleld stress, the results on the frequency
of occurrence of gusts presented 1n reference 1 were
eapolied to analyses of three transport-type airplanes
wlth overloads varying from 0 to 50 percent of the design
gross welght. The present report glves the results of
these analyses end shows the significance of alrplane
characterlstics and manner of overloading on the frequency
of occurrence of critical stress.

SYMBOLS
n load factor
Ng allowaeble mprllied load factor
ng design sprlied load factor
An Increment of load factor
w operating weight of airplane, pounds
Wa deslgn gross welght, pounds
Wy design wing weight, pounds
K relative alleviation factor
Ug effective gus£ veloclty, feet per second
m slope of 1lift curve, vper radlien
3 wing area, square feet

w/s wing losding, pounds per square foot
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©  mean wing chord, feet

£ frequency, nﬁﬁbéf“ofﬁbégﬁffehces of "a phenemenon
within a class Interval :

Zfr ratio of number of occurrences within and exceeding

' a class Interval to the total number of

occurrences. In a sample -

fn reletive frequency of gusts of different intensity,
ratio of number of occuyrrences of a phenomenon
within a class interval to total number of
occurrences (reference 1)

Vo:"/2 equivalent airspeed, miles per hour

V1, maximum equivalent aeirspeed in level flight, miles

per hour

METHOD

Gensaral Procedure

The method consisted in determlning the frequency of
the gust thset, for the overloaded airplane, would apply a
net wing bendlng moment equal to or greater than that
corresponding to the deslign applied load. Thls frequency,
which 1s hereilnafter deslgnated critical gust-load
frequency, was found by three stens: (1) determinstion of
the operating speed of the overloaded airplene at an
assumed cruising power; (2) determination of the equivalent
design gust veloclty, that 1s, the gust veloecity that
would subject the wing t# 1ts deslign bending moment when
the overloaded airplsne 1s overating at this speed; and
(3) determination of the frequency with which the over=-
loaded airplane would encounter gusts equal to er greater
than gusts of thls Intenslty.

In the determinatlion of the operating speed of the
everloaded eirplene, the alrplene has been assumed to
fly during lts entire life at a speed obtalned with
crulsing pewer, which was taken as the power requlired
to maintain 0.8vVy at normal gross welght. The
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computaetlon of the effect of overload on sairplene perform=-
snce wes made on the sssumptlion that the only performance
characteristic which varies with loading 1s the power
required to overcome the change in induced drag. The
results of a sample computetion (fig. 1) were determined
by selecting the alrspeeds corresvonding to crulsing power
on power-required curves for several conditions of over-
load. The assumptlions used appear to be sufficlently
valid for the purpose of the »nresent analysis. For any
speciflc case, however, detalled calculation might be made
to Include propeller and engine characterlistics and the
effect of chenges 1n the parasite drag on the required
power. Operations under speclal conditions, such as at
low speed to obtaln optimum range, would obviously be en
important consideration. The computations, however mede,
should glve a plot of the overating speed as a function

of overload.

The megnitude of the gust velocity that subjects
the wing to 1ts design bending moment depends on the
distribution of the overload welgnt 1n the alrplsne. The
analysis was therefore made for two limlting condltlons
of overload distribution. For the first condition (cese I)
the weight distributlon of the overloaded eirvlene was
assumed to be the same as that for the condition of normal
gross welight. For the second condition (case II) all
overloed welght waes assumed to be concentrated in the
fuselaga. The actusal overload distribution of eny air-
plane would probably fall between these limits end would
more than llkely be closer to case Il.

In case I, In which the stress for unit load factor
is proportional to the gross welght of the alrplsesne, the
allowable appllied loed factor 1= glven by tha expression

ng = !%?E (1)

The use of equation (1) lmplles that equel loads cause equal
bending moments and that the reletion 1s independent of

the engle of attack of the alrplane. The value for ng

is determined on the basis of the design specificatlions in
reference 2.
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For case II the following formula based on the root
.bending moment of the wing has been derived to obtein the
allowable applied 164d fTactor:” ~ - ' o

ng = ndeé j-ww). (2)

Inesmuch sa the wing welght does not change in thils case,
the reletive allevlating effect of wing irertla i1s reduced
In proportion to the ratio of actual weight to deslign
gross weight. In the derivation of equetion (2) the
controld of the air-load distribution on the wing end the
centrold of the wing welght were assumed to coinclde.

In order to obtain the equlvalent design gust
velocity, the increment of the allowable applled load
factor ng - 1 and the operating speed previously computed
for the cverloaded airplane were substituted 1n the
formula

ng - 1 = An
K'UeVol/Zm
5758
In equation (3) the factor K should be the value,

obtalned from figure 11l(s) of reference 2, that corresponds
to the wing loeding for the overloaded alrplane.

(3)

The results of reference 1 were used to determine
the number of times a gust of lntensity equal to or greater
than the value computed would be encountered. The use
of these data involves the sslectlion of a relative
distribution of gust intensitles and an estimate of the
total number of gusts of all sizes that mey be encountered.
Figure 7 of reference 1l presents two summastion curves of
gust-frequency distribution, curves A snd B, which
correspond to the upper and the lower limits of the data,
respectively. Summation curve A, which 1s reproduced
herein ss figure 2, has been selected as the basls for
the present amalysis. This curve shows the fractlion of
the total frequency with which a gust of given Intensity
will be equaled or exceeded.
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It ahould be noted that the values of Efr taken

fram the curve of flgure 2 were multiplied by 2 in order
to teke into account both positlive and negative gusts.
In the actusl case, however, the factor willl vary from
2 to 1 as the overload increases. 'If the airplene were
designed for 1limit loads corresponding to those imposed
by gust veloclties of +30 feet per second for normal
grosge welght, then, to a first approximatlion, the
difrerence between positive and negative limlt loads
would correspond to the sum of the design gust velocitles,
sbout 60 feet per second. As the positive critical gust
velocity decreased r'rom -30 to 20 feet per second, the
negsative criticsal gust veloclty would change from -30

to -40 feet per second and the total frequency of criticel
gusts would equal the sum of the gust frequencies for

20 and 40 feet ner second instesd of twlce the gust
frequency for 20 feet per second. The limlt would be
reached when the negative crilticel gust veloclity 1s so
large that the corresponding gust freaunncy -would be 0
end the factor under considerstion would be 1. The
comnarlison indicetes that the two methods- wlll yleld
equal gust frequenclies at zero overload but, es the
overload ircreeses, the assumptlon of a constent factor
- of 2 will be conservative.

For an alrplane with a mean chord of 10 feet,. the
value of total gust fregquancy used in the presant
enalysls was taken as 5 gusts for a flight path of
1 mlile. Thls vealus corresponds very nearly to the
total fregquency neported in reference 1, which reprvsents
aversage conditlons for several types -of -transport overati-on.
MultipIying by the ratio of .mean chords 10/% results
in a value of 50/8 gusts per mile.for amy-airplane.

In order to determins.-the numbsr-of--times the
equlvelent deslgn - -gust velocity 1s equaled-or exceeded,
this veloclity 1ls used in figure 2 to obtaln Zf,. The
critical gust-load freguency far. g.flight peth of 1 mlle
1s then

- 20
r=2%f, :
In the present rgport the..vyalue s8¢ determlned will be

multiplied by I0® to obtain the more convenlent _unlt .of
gusts per million miles of. opsration. -
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Conditions Selected for Analysils

e T R [

The analysls was made for three transport-type
airplanes of different size: the Douglas DC-3, the
Boeing 3-3207, end a hypothetical alrplane of large
8lze. The characteristics of these alrplanes are glven
in the following table:

‘Douglas Boeing Hypothetiocal

DC~3  8-307 airplane
Gross Weight, 1b ¢« ¢« o ¢ ¢ o o o » o & 2’.].'000 L|5,000 65,000
Wing loading, 1b/8q ft « o « « = « o o o 243 30.2 38
VL' mph ® 8 ® 8 8 ® & &8 6 s 8 e 0 8 ® s » 21} 250 300
Slope of 1ift curve, per radian . « « + Le79 L.66 5.0
Wing areea, 8q i S 988 ]J.l.m 1710
M.AICI. ft ® @ @ = 8 & 5 & & s @ 9 s o 10-).]. 13.85 12.22
Wing span, £t ® o a & ® 0 o 9 o » & 8 8 » 95 108 ].LLO
Design applied load, 1b . . . « « » « 80,900 147,000 225,000
Estimated wing weight, 1b . . . . . . 13,800 27,350 15,500
Wing—weight ratio s 8 @ s ® 8 & s o w @ 00575 00&8 0-700
Design avplied load factor . « « « o o « 3437 3,27 3.6

The design strengths of these elrplanes were assumed to

corresnond to the usual gust deslizn requirement for the

conditlon of normal gross welight Treference 2) with the

design speed teken as the maximum equlivalent airspeed in
level flight Vi+ The enalysls was, however, carried

out for strengths equal to 90, 100, and 110 percent of the
deslgn velue to include the effects of understrength,
requlred strength, and overstrength.

Sample computations of eritical gust-load frequency
for the Boeing S-307 alrplans overloaded 20 percent for
both cases I and II are given in the appendlx. A serles
of calculations were also made for case II in which the
wing-welght retio wes assumed to vary from O to 0.8.

Although the usual gust design requlrement 1s based
on an effectlive gust veloclity of 30 feet per second,
smaller values are sometimes used. In order to show the
effect of changes in design gust velocity on the varlatlion
of eritlcal gust-load frequsncy with overload, the
analysis was made for the Boslng S-307 alrplane wlith the
overload distribution speclfled for cass I, in which the
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deslgn gust veloclity was varled from 20 to 35 feet per
second, The result of thls calculetlion 1s essentlally
the same as the calculations in which the design strength
was assumed to vary by flxed percentages; for this
calculation the range of dlfference 1n design strength 1s
greater end the results are expressed in terms of change
in design gust veloclty.

RESULTS AND DISCUSEION

The results of the enalysis are shown in figures 3
to 5. Flgure 3 indicates that thne crltical gust-load
frequency and, consequently, the »rcbability of structural
fallure in rough air increases rapldly with overload.

For case I (flg. 3{a)), a 1l0-perzent overload increases
the crl*ical rust-load fregquency »y a factor of 1.7 and
a 20-32rcent overload Increases the frequency by a factor
of 2.6. It will be notcd in figure %(a) that the
correspording curvos for the threz slrnlaenes are approx-
imntely perallel hut arc¢ somswhat dlesnlaced. This
displacecment is due to the varilation in total gust
frequency w1ith airnlane size or mean wing chord.

Figure %Z(h) shows that the critical gsust-lcad
frejuency variles consldorably for different alrnlunes
and Increeses very rapldly with overload when the over-
load is ccneentrated In the fuselage (case IT). The
curves ror the Boolng 2-307 airplane, for exumple, show
that a 1l0-percent overload would increase the critical
gust-load frequency 10 times that for normel gress weight
and that a 20-percent nverload would lncrease the critical
gust-load frequency 78 times that for normal gross weight.
Comparison of figures 3(a) and 3(b) indicetes that the
load distrlibution has a pronouncsd effect which is at
least as important as the amount of overload. The
dlsplacement of the curves for the three alrplanes that
results from differencs in size, as noted in figure 3(a),
1s also present in figure 2(b) but 1s noticeable only
at zero overload, the effect being obscured by other
factors with overload.

Since the critical gust-load frequency 1s the
froequency of gusts having an 1lntensity equal teo or
exceeding that reguired to apply yleld-point load, 1t 1s
evident thet any frequency greater than uvnity may cause
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failure, The actual frequency that will cause fallure 1s
“not - known; however, 1f some frequency 1s assumed, the
operating mileage per failure can be estimated for .eny
amount of overload. Conversely, the amount of overload
that may be expected to result In fallure in a glven
number of opereting mlles mey be determined. For example,
from the curve in figure 3(a) for the Boelng S~307 air-
plane bullt to withstand 100 percent of the deslgn appllied
bending moment, an assumed critical frequency of 3 would
result in fallure iIn 1,000,000 miles of operation with
38-percent overload for case I. For case II (fig. 3(b)),.
the corresponding value of overload is only 7 percent for
one feilure in 1,000,000 miles of flight.

Figure U4 indicates that the criticael gust~-load fre-
quency varies redically for different wing-weilght ratilos.
The critical gust-load frequency as predicted by this
analysls becomes extremely large for case II at high wing-
welght retlos end 1s absurdly high for the extreme case
of a wing-welght ratio of 1 (the flying wing). For
example, an alrplene with a wing-welght ratio of 0.80 over-
loeded 12 percent may be expascted in 1,000,000 miles of
flight to encounter 180 critical gusts, each of which will
stress the elrplane to or ebove 1ts design applled bending
moment. This number of critical gust loads 1s extremely
high and, consequently, the alrplane life would be shortened
considerably 1f flown In thls condition. For extreme cases
such ss these, the critical deslign condition would probably
be somaothing other then the gust conditlon - that 1is,
landing loads - although, even ln the case of the hypo-
thetlcal alrplane used hereln heving e wing-welght ratio
es high es 0.70, the gust condition is more critlical than
the landing condltlon as defined by present deslgn require-
ments, It 1s evlident that cautlion must be used when these
methods ere applied to extreme types of alrcraft.

The curves of critical gust-load frequency gilven in
figure 5 show how the probabllity of structural fallure
due to gust loads chenges as the design gust velocity 1s
changed. The relstive displacement of the curves of
filgure 5 for different design gust velocitles 1s more
significent then the asbsolute value for a glven conditlon.
As shown In figure 5, an increase of 5 feet per second In
the design gust veloclty results In a decrease in the
critical gust-load frequency to one-sixth of the original
value. For the condlitions gssumed for the Boelng S-307
elrplane, such an increese in design gust veloclty also
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results in a L O-percent increase in allowsble overload
for a glven gust-load frequancy.

In the present snalysls, the airplane has been
assumed to oporate at a glven overload throughout 1its
life. This assumptlon 1s obviously not true, because
the amount of overload wlll vary contimiously during a
glven flight as wall as for differcont flights., It 1s
also probabls that, in general, the timw that the alr-
plane 1s overloeded would be relatively small, The
absvlute valucs of criticul zust-load frequency calculated
hereln nay thue:be considered somowhat conservative,

It should also be pointed cut that, because of the
essmmption of an ovarcting sveed based on crulsing power,
the absolute values of critizcal gust-load frequency are
hi~h as compared wilth values that would result from an
assumptlon of reduced speed in rouch air, If the pro-
ceduro of the present report 1ls uscd with a speed

75 ocrcent of the crule inr speed, the frequencles are
reduced to approximately one-hundredth of the frequencles
at the cruleing snced.

CNNCTITDING REMARKS

An analysis of the effect of overloading an air-
plane on the rrequency of occurrence of gusts that
astress the sirplane to or above its ceslen applied
bending moment has been made for three transport- type
airplenes cperating at crulsing power and with overload
varying from 0 to SO'Tercent of the deslzn fross welight,

The rrobabllity of structural. failure of an alr-
plane resulting from gust loads was considerahly.-increased
with moderete overloads., The distribution of the over-
load weight in the airplane had an important effect on
the nrobebility of failure, The concentratlon .af over-
1534 in the fuselage showed a "proraunced. increase in
prooavility of failure over the prorortional distribution
of overload throughout the alrnlane. For example, a
car;o or iuselage overload of 10 percent in the Boeing S-307
elrplsne increased the probabllity of fallure aosout
10 times as compered with the normal load conditlon,
whereas the same overlogd praportionally dimtributed
Increased the probablllity of failure 1.7 times. For &
20-percent overload the-probabillty of .failure is increased
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- 78 times for_a fusslege overlopd end 2 6 times for ths
proportional “distribution:

The effect of wing-welght ratlio (the ratio of the
deslgn wing welght to the design gross welght) on the
orobability of fallure with overload In the fuselage
was also lmportent, particularly for airplanes with high
wing-welght ratios. The probebllity of fallure also
varlied to some extent with mean wing chord of the air-
plane,

Langley Memorial Aeroneutical Leboratory
Nationel Advisory Committee for Aeronsutics
Lengley Fleld, Vs.
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APPENDIX
SAMPLE COMPUTATIONS OF CRITICAL
GUST-LOAD FREGUENCY

The criltical gust-loed frequency 1s celculated
herein for the Boelng S-3%307 airplane operating under
the following conditlons:

Overlosasd, percent gross weight. . . . e o o o« o 20
Onerating welght of overlosaded eirplane, lb . « « 54,000
Operating speed at crulsing power for

20=percent cverload, mph « ¢« « « o+ o « ¢« ¢ ¢« « « 195

For case I (overload weight distributed proportionally
throughout eirplene), the egulvalent design gust velocity
1s found as follows:

From equation (1),

_ 45,000 x 3.27
fa = 51;, 000

= 2,72

From equation (3),
"An = ng = 1
= 1.72
end the equlvalent deslgn gust velocity
vo = 1355 1E 2102
= 3.3
The frequency with which the overloaded alrplane would
encounter gusts equal to or greater then gusts of this
intensity is found from figure 2 to be
g fp = 2,05 x 1077
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“from whichy

_ __2__
f =2 x 1o 13 85 x 10

= 1.48 gusts per million miles

Similearly, for case II (ove"load welght concentrated
in fuselage),

5.26(&5,000 - 27,350)

Ba = "5, 000 - 27,350
= 2.165
An = 1.165

o. = 215 % 1.165 x 36.2
©@ 7 1.15 x 195 x .66

23.2

H

sf, = 5.4 x 1076
. 0 6
£ =2 5—% —2% » 10
*10° " 13.85

= 39.0 gusts per mlllion mlles
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